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Population genomics: diversity and virulence in the Neisseria
Martin CJ MaidenAdvances in high-throughput nucleotide sequencing and
bioinformatics make the study of genomes at the population
level feasible. Preliminary population genomic studies have
explored the relationships among three closely related
bacteria, Neisseria meningitidis, Neisseria gonorrhoeae and
Neisseria lactamica, which exhibit very different phenotypes
with respect to human colonisation. The data obtained have
been especially valuable in the establishing of the role of
horizontal genetic exchange in bacterial speciation and
shaping population structure. In the meningococcus, they have
been used to define invasive genetic types, search for virulence
factors and potential vaccine components and investigate the
effects of vaccines on population structure. These are generic
approaches and their application to the Neisseria provides a
foretaste for their application to the wider bacterial world.Address
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Introduction: microbiology in the post-
genome era
The complete genome sequences of hundreds bacterial
isolates have been determined, including representatives
of the major bacterial pathogens of humans. While this
plethora of information has been highly instructive, our
capacity to generate data has far exceeded our capacity to
interpret it. As this trend continues with next-generation
sequence determination technologies, new analytical
approaches are needed to exploit these data [1]. A
potentially fruitful approach is population genomics,
which interprets comparisons of genome or genome
derived data in an evolutionary, ecological, and popu-
lation genetic framework. Much emphasis has been
placed on ‘metagenomics’ the ability to study microbial
communities without isolating individual genomes, an
important consideration when it is possible to isolate
fewer than 1% of the bacteria that exist [2].
Open access under CC BY license.www.sciencedirect.comThis article will discuss an alternative and complemen-
tary paradigm for population genomics: the study of
defined populations of closely related bacteria with dis-
tinct phenotypes by comparisons of individual genomes
or parts of them. This requires the isolation of a repre-
sentative sample of a population, normally by culturing
the bacteria. Given the extensive diversity of the prokar-
yotes, this is a demanding task and few exhaustive or even
representative bacterial isolate collections exist. Here the
genus Neisseria will be used to indicate the potential of the
multi-genome comparative approach to population geno-
mics.
The genus Neisseria as a model system
Three closely related members of the genus Neisseria are
of interest medically, exhibiting diverse phenotypes with
respect to their interactions with humans. Neisseria menin-
gitidis, the meningococcus, is a major cause of meningitis
and septicaemia worldwide while Neissera gonorrhoeae, the
gonococcus, is responsible for one of the most widespread
sexually transmitted diseases and Neisseria lactamica is a
common harmless commensal of human children. All
three bacteria are only found colonising the mucosal
surfaces, with the meningococcus and N. lactamica found
in the nasopharynx and the gonococcus associated with
the urogenital tract. This is an advantage for population
studies as it constrains population sampling: no environ-
mental or animal reservoir need be considered. The lack
of good animal models of human disease or infection by
these important pathogens has provided further impetus
to the exploitation of genomics to investigate their
biology [3].
All three organisms have been studied at the population
level and large isolate collections are available. The
genomes of at least one example of each of the micro-
biological species have been determined and, at around
2.2 Mbp in size, they are at the lower end of the size range
for cultivable bacteria [4–7,8]. Despite being closely
related these bacteria are highly diverse. For example, at
the time of writing (July 2008) the PubMLST database
for Neisseria, which catalogues genetically distinct mem-
bers of the three species as sequence types (STs) based on
‘conserved’ housekeeping genes, listed a total 6814
unique STs (!). This genomic diversity, while posing
challenges, can be harnessed to provide power for com-
parative studies.
Methods for comparing genomes
Population genomic studies require structured sampling
at both the population and the genome level. Obtaining
an adequate sample of a bacterial population relies on anCurrent Opinion in Microbiology 2008, 11:467–471
468 Genomicsunderstanding of the ecology of the organism and should
be further defined by the questions to be asked of the
sample collected. For the gonococcus, for example, a
collection of disease isolates from a cosmopolitan city
can provide a good sample of global genetic diversity. In
the case of the meningococcus, however, the collection of
isolates solely from cases of invasive disease provides a
distorted view of population structure as this organism is
an accidental pathogen, with disease not contributing to
transmission among human hosts, and distinct genotypes
are present in different locales at different times [9]. A
more complete picture of this organism comes from the
study of isolates obtained from asymptomatic carriage,
with the comparison of these isolates with matched iso-
lates from diseased patients instructive in understanding
pathogenicity [10].
Comparisons of bacterial genomes can involve the whole
genome or representative samples from the genome and
may be undertaken with or without reference to complete
annotated genome sequences. Direct comparison of
genomic DNA from two or more isolates can be per-
formed in various ways, for example representational
difference analysis [11,12], and these comparisons have
the potential to identify sets of genes that are preset in
one isolate but absent in another. Alternatively, sequence
variation at a subset of loci can be compared in multiple
isolates, as for example in multi-locus sequence typing
(MLST) [13]. The latter approach is scalable with exist-
ing technology and has been performed on thousands of
bacteria in individual studies [14,15] but, of course, only
analyses a fraction of the genome.
Gene content and gene diversity can also be established
by the comparisons of complete annotated genome
sequences, an approach that will become increasingly
feasible with newer very high-throughput sequencing
technologies. This represents the most exhaustive
method but is limited to those genomes that have been
completely assembled [4–7]. Partial or not fully
assembled genome sequences can also be included in
such analyses, which are relatively labour intensive [8].
However, in addition to collecting the data, which shall
undoubtedly become much cheaper and faster, analysing
complete genomes from tens, hundreds or thousands of
isolates is likely to remain a challenge for the foreseeable
future.
The construction of microarrays based on annotated
sequences enables the presence and absence of genes
in many different isolates to be established relatively
quickly and cheaply [16–18,19,20,21]. This approach is
limited by the sequences used to generate the microarray
and does not easily identify sequence variants, being most
successful at identifying the presence or absence of genes
[22]. For the Neisseria, it seems that the ‘pan genome’ is
extensive and the construction of an exhaustive ‘panCurrent Opinion in Microbiology 2008, 11:467–471Neisseria’ microarray is probably not achievable [8]. In
conclusion, no ideal means of comparing genomes exists
at the current time —different approaches are required to
address different questions.
Genetic structure within and among Neisseria
species
Studies of the Neisseria played an important role in the
development of bacterial species concepts, being instru-
mental in establishing the role that recombination plays
in shaping bacterial populations. The Neisseria are natu-
rally competent for transformation and interspecies and
intraspecies recombination has been widely reported at
numerous of loci [23]. However, this must be constrained
in some way if the convergence of the distinct species, or
despeciation [24], is to be avoided. To this end the fate of
hybrid genotypes is important. It has been shown, for
example, that hybrid penicillin binding protein genes
have spread in meningococcal populations, presumably
a consequence of positive selection resulting from their
higher fitness in the face of the selection pressures
imposed by the widespread use of penicillin [25]. By
contrast, N. lactamica transferrin binding proteins, when
acquired by the meningococcus may give a short term
within-host advantage but appear to render the hybrids
less fit for transmission among hosts, and therefore do not
persist [26]. Studies of gene flow among population
samples of the three Neisseria species show them to be
highly differentiated, suggesting that either interspecies
recombination is rare or that the hybrids formed are
rapidly purged from the population [27]. Whether the
limitations to gene flow necessary for the maintenance of
these bacterial species [28] are due to selection against
hybrids or to biochemical or ecological barriers [29] to
gene exchange remains to be determined.
Studies of other pathogens, especially the enteric bac-
teria, have identified great genome fluidity in terms of
gene content [30]; however, this does not appear to be the
case within or among the three Neisseria species, with the
majority of genes shared among the three species [19,31].
Genomic studies have by and large failed to identify
major differences that have not been identified previously
by more conventional molecular microbiology [17].
Microarray genome hybridisation identified only 20
potential ‘core genes’, mostly encoding hypothetical
proteins, that were present in a panel of 48 N. meningitidis
isolates but absent in N. lactamica and N. gonorrhoeae in
[18]. The most common identifiable differences among
Neisseria isolates are, intriguingly, restriction modification
systems. This may indicate a role for restriction modifi-
cation systems in limiting gene flow.
An interesting light on the role of recombination in the
Neisseria has been shed by studies of the distribution of
DNA uptake sequences (DUS) in their genomes. These
repeated sequences DNA are required for transformationwww.sciencedirect.com
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centrated in regions encoding DNA maintenance and
other ‘core’ genes [32] with genome comparisons demon-
strating a strong link between recombination and DUS.
These observations suggest that DUSs may be important
in genome stability [33]. While studies of horizontal
genetic exchange have concentrated on the role it plays in
generating diversity [34], most recombination will be
conservative and homogenising. It is therefore plausible
that recombination is in fact primarily a mechanism for
genome repair that can occasionally result in generation of
diversity, which, even more occasionally, is adaptive. It
may be that this repair function is especially important in
the Neisseria, which lack several DNA repair genes [35].
This would be consistent with restriction modification
systems promoting recombination with DNA from very
close relatives [36].
Genetic structure of meningococcal
populations
Meningococcal populations, especially those recovered
from asymptomatic carriage, are highly diverse with
extensive genetic exchange generating novel combi-
nations of existing genes [37–39]. Nevertheless, the
population is highly structured into clonal complexes,
groups of related meningococci defined in MLST studies
by conserved combinations of housekeeping genes. Only
a subset of these, the so-called hyperinvasive lineages, are
responsible for most diseases [9]. These were first
described among isolates from invasive disease [40]
and are remarkably stable over time and during geo-
graphic spread [9], suggesting that they are resistant to
diversification by the high-observed rates of recombina-
tion. Short term domination of a recombining population
by certain clones can be accommodated, in given locale,
by a neutral model with ‘microepidemic’ structure [41],
but global distribution over many decades cannot,
suggesting that these clonal complexes may be the result
of stabilising selection for housekeeping gene combi-
nations [42].
The clonal complexes exhibit medically relevant pheno-
types, the most important being differences in their
propensity to cause disease, which can be as great as
two orders of magnitude [10]. Clonal complexes are also
associated with particular repertoires of antigenic variants
[43–45], perhaps as a consequence of immune selection
acting during carriage [46]—this has obvious implications
for the design of vaccines against this highly variable
bacterium. The capsule region, encoding the ability to
synthesise a polysaccharide capsule, remains the principal
difference between carriage and disease-associated
meningococci, and indeed between meningococci and
gonococci and N. lactamica. Capsule type (known as
‘Group’ in meningococci) is also correlated with clonal
complex, although this association can change with time
[9]. As a virulence determinant even the role of capsule iswww.sciencedirect.comambiguous: only five or six of the 12 recognised capsule
variants are ever associated with disease and while cap-
sule expression is necessary it is not sufficient for a
meningococcus to cause disease.
In principle, the existence of defined genetic types with
different phenotypes provides the prospect of identifying
genetic traits responsible for those phenotypes by gen-
ome-wide association studies [47]. These rely on well-
defined and usually quite large isolate collections. A
number of such studies have been undertaken but as
yet the only new element to be associated with menin-
gococcal disease is a putative phage, identified by whole
genome comparisons of disease and carriage isolates [48].
A potential problem with this approach is that the pro-
pensity to cause disease is likely to be polygenic and
dependent on combinations of genes or even allelic
variants of genes also present in less invasive meningo-
cocci.
Some practical applications of population
genomics
The development of a comprehensive meningococcal
vaccine remains a major research goal. Knowledge of
the population structuring of meningococcal protein anti-
gen repertoires has obvious implications in the design of
vaccine recipes, potentially limiting the number of var-
iants that need to be included to a manageable number
[49]. Meningococcal genome data have also been mined
to identify vaccine candidates with ‘reverse vaccinology’
[50] that has yielded novel vaccine candidates currently
being exploited in vaccine development programmes.
Interestingly, although whole genome mutational
approaches have been applied to the meningococcus they
too have failed to identify major novel virulence com-
ponents [51,52], perhaps indicating the weakness of animal
models in this area and the polygenic nature of meningo-
coccal virulence. Finally, the effect of the serogroup C
conjugate polysaccharide vaccine on the meningococcal
population was established by means of a survey of the
genotypes carried by teenagers before and after vaccine
introduction in 1999, showing that the vaccine was, in large
degree, highly effective as a result of very high protection
against carriage of one particular genotype (ST-11) associ-
ated with both disease and the serogroup C capsule. This
study required the characterisation of over 8000 isolates by
MLST [15].
Conclusions
While illustrating the power of population genomics in
understanding bacteria by cataloguing their diversity with
reference to particular phenotypes, the example of the
Neisseria also gives glimpse of the scale of the task ahead.
This group of closely related bacteria, which are only found
in a highly specialised niche, the mucosal surfaces of
humans, nevertheless exhibit bewildering level of diver-
sity at the genome level—even in relatively conservedCurrent Opinion in Microbiology 2008, 11:467–471
470 Genomicsgenes. Literally thousands of bacterial genomes need to be
collected by carefully structured sampling and analysed by
genome-wide approaches to map the diversity of this very
limited corner of microbial life and to investigate the
complex dynamics within it. Computationally intensive
analyses will be required to interpret this diversity and
understand the forces that shape it. When these consider-
ations are translated to the much greater diversity present
in other, more adaptable, pathogens and then on to free-
living bacteria, most of which we have only a rudimentary
knowledge, bacterial diversity is both awe-inspiring and
humbling. We have only just begun to appreciate the
extent of our ignorance of the prokaryotic world of which
we form such a small part.
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